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Abstract:
 Nequasset Lake, in Woolwich Maine, is a coastal lake that serves as a 
spawning habitat for the anadromous fish Alosa Pseudoharengus, commonly 
known as alewives. Migrations of anadromous fish provide a source of 
allochthonous nutrients from the sea into freshwater systems. These nutrients, 
known as marine derived nutrients (MDN) are incorporated into both the 
sedimentary record and the biota of the impacted system. Nitrogen, one of these 
nutrients, plays a vital role in primary production and other geochemical processes 
within freshwater environments. In 2012 and 2013, monitoring efforts were put 
into place in order to assess the impact of the alewife migration on the nitrogen 
budget of the lake. In 2014, as an effort to increase alewife accessibility into the 
lake, the fish ladder present at Nequasset Lake was renovated to a more durable 
model. This is expected to increase the MDN influx in the lake, as more fish are 
able to reach spawning habitat. The purpose of this study is to assess the effects 
of increasing migration sizes on Nequasset Lake, and determine how MDN are 
changing the nitrogen cycling within the lake. 
 In 2015 the largest migration of alewives was seen at Nequasset Lake. 
Water samples were taken from the outlet of the lake for and tested for changes 
in δ15N values in nitrate over time using the EA-GC-IRMS at the Bates College 
Environmental Geology Laboratory. 15N serves as an indicator of MDN due to an 
enriched nitrate pool at sea. These measurements were compared to δ15N values of 
the particulate organic matter, chlorophyll concentrations, nutrient concentrations, 
as well as the data from previous years, in order to observe any changes within the 
lake. Three different phases of nitrogen cycling were identified: the spring bloom, 
influx of MDN, and a restoration of natural nitrogen cycling. Increases in these 
forms of cycling were observed each year, likely an effect of increasing alewife 
population sizes.  
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1.0: Introduction
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1.1: Summary 
 This study focuses on the nutrient impact of the 2015 anadromous alewife (Alosa 
Pseudoharengus) run on Nequasset Lake in Woolwich, Maine. The presence of isotopically 
enriched nitrogen within the system, an indicator of marine derived nitrogen (MDN) inputs, 
will be used in order to analyze the nitrogen inputs of the alewife migration. These data will be 
compared to data from previous studies, carried out in 2012 and 2013, in order to temporally 
assess changes to the lake’s nitrogen budget.
 As a product of nitrogen isotope fractionation alewives become carriers of a more 
enriched δ15N signal. This signal can be used to map the deposition of MDN into freshwater 
environments, such as Nequasset Lake. In the past, studies have shown that alewife migrations, 
and other anadramous fish, impact the nutrient budget of a system, particularly the assimilation 
of nutrients by the biota and into the sediment core (Finney et al., 2000; Twining et al., 2013). 
In recent years, due to the decrease in anadromous fish migrations from damming, this input 
of allochthonous nutrients has been nearly lost. In an effort to restore this important fishery, 
restoration projects in freshwater environments like Nequasset Lake have led to increased 
populations of alewife in recent years, which may have a strong impact on the nutrient budget of 
these environments. 
1.2: Nitrogen Isotopes 
 Nitrogen occurs as one of two stable isotopes, the more common 14N, with 14 neutrons, 
and the less common 15N, with 15 neutrons. Recorded abundance of these isotopes in atmosphere 
are constant, with 14N representing 99.644% of the natural concentration of nitrogen in the 
atmosphere, and 15N representing 0.366% (Kendall and McDonnell, 1998). This consistency 
allows for atmospheric isotope ratios of nitrogen to be used as the international standard 
in laboratory analysis, or as a basis for which house standards can be made (Kendall and 
McDonnell, 1998; Sharp, 2007).
1.2.1: Measuring δ15N
 The δ15N value of a sample is represented in delta notation as ratio of a sample against the 
known isotopic ratio of a standard: 
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(Kendall and McDonnell, 1998; Sharp, 2007)
 If δ15N of the sample is higher, then the sample is considered enriched in the heavy 
isotope (Fry, 2006). Samples with lower δ15N values are considered more depleted in 15N. 
1.2.2: Fractionation Factors
 Fractionation represents the changes in isotope distribution between products and 
reactants at the start and end of a reaction (Fry, 2006). This causes different δ values to be seen at 
the beginning and end of a reaction (Fry, 2006). 
 Differencing fractionation between the reactions of the nitrogen cycle cause differences 
in the N-isotope ratios between various nitrogen sources and organisms in a system. The 
cycle is broken down into five distinct processes, each with its own contribution to total 
nitrogen fractionation; fixation, protonation and nitrification, assimilation, mineralization, and 
denitrification (Figure 1.1). 
1.3: The Nitrogen Cycle
1.3.1: Fixation
 The introduction of nitrogen into a freshwater environment begins namely through 
biological fixation, precipitation and dry deposition (Berner and Berner, 1996).  Biological 
fixation of nitrogen represents approximately 50% of the nitrogen source in freshwater 
environments (Berner and Berner, 1996). This process utilizes a constant reservoir of nitrogen 
on Earth, the atmosphere, which is made up of 78% nitrogen, particularly N2 (Marshak, 2012). 
On land this process occurs along the roots of some plants, such as legumes, where microbes 
capable of reducing atmospheric nitrogen actively convert the compound into ammonia (Kalff, 
2002). In lakes the nitrogen fixing process is performed by autotrophic cyanobacteria containing 
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specialized cells called heterocyst (Kumar et al., 2010), with freshwater species including 
Anabaeba, Aphanizomenon, Gloeotrichia, Nodularia, Cylindrospermum, mastigocladus, and 
Nostoc, and some others (Kalff, 2002).  The process for nitrogen fixation follows:
Studies of fractionation during nitrogen fixation yield measured fractionations of -3 through +1o/
oo (Kendall and McDonnell, 1998). 
1.3.2: Protonation and Nitrification 
 In order to convert the ammonia into a compound usable by other organic matter, the 
ammonia must be converted into ammonium, nitrate and/or nitrite. These processes are known as 
protonation and nitrification. Protonation allows for ammonia to be converted to ammonium, as 
follows:
(Fogel and Cifuentes, 1993)
The ammonium ion can then be oxidized into nitrate by microorganisms that use this as a method 
of energy production (Ward et al., 2011). This process provides energy for the microorganisms, 
as well as facilitates the renewal of nitrogen in the water column that is lost to a later step, 
denitrification. In water two types of nitrifiers are present, one that converts ammonia to nitrite, 
called ammonia-oxidizing bacteria, and another that converts nitrite to nitrate, called nitrite-
oxidizing bacteria (Ward et al., 2011). This multistep equation in total yields the final equation:
(Kendall and McDonnell, 1998)
Fractionation in nitrification mostly comes from the earlier nitrification done by the ammonia-
oxidizing bacteria, providing fractionation values for nitrification in soil of -12o/oo to -29
o/
oo, however no data for nitrification fractionation in water has yet to be recorded (Kendall and 
McDonnell, 1998).
1.3.3: Assimilation
𝑁𝑁𝑁𝑁𝐻𝐻𝐻𝐻4
+ + 2𝑂𝑂𝑂𝑂2 ⟶ 𝑁𝑁𝑁𝑁𝑂𝑂𝑂𝑂3− + 𝐻𝐻𝐻𝐻2 + 2𝐻𝐻𝐻𝐻+ 
 
𝐻𝐻𝐻𝐻3𝑂𝑂𝑂𝑂
+ + 𝑁𝑁𝑁𝑁𝐻𝐻𝐻𝐻3  ⟶𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 𝑁𝑁𝑁𝑁𝐻𝐻𝐻𝐻4+ 
 
𝑁𝑁𝑁𝑁2 → 𝑁𝑁𝑁𝑁𝐻𝐻𝐻𝐻3 
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 With newly available nitrate in the system, the movement of nitrogen into the tissues of 
primary producers occurs through the process of assimilation. Plant roots are riddled with nitrate-
inducible components, a series of acceptor proteins, which work to uptake nitrate and ammonium 
from the surrounding environment and transfer it into the plant cells for use (Xu et al., 2012). 
In algae δ15N ratios of nitrate and ammonium assimilation range from -27 to 0o/oo (Fogel and 
Cifuentes, 1993; Kendall and McDonnell, 1998) with nitrate assimilation fractionation measured 
at 0 to -24o/oo (Fogel and Cifuentes, 1993). These rates change depending on the abundance of the 
molecules. A millimolar concentration of nitrate fractionation is measured at 0 to -24o/oo, while 
fractionation of macromolar concentration is measured at -10o/oo. Assimilation of ammonium in 
millimolar concentrations ranges from 0 to -15o/oo, while macromolar concentrations experience a 
fractionation of -3 to -27o/oo (Fogel and Cifuentes, 1993).
1.3.4: Mineralization 
 Mineralization is the step in which organic matter is converted to ammonia, sometimes 
called ammonification (Kendall and McDonnell, 1998). This process causes a small fractionation 
(+/- 1
o/oo) following:  
(Kendall and McDonnell, 1998)
1.3.5: Denitrification
 Denitrification converts ammonia produced in mineralization to nitrogen gas, and acts 
as a form of respiration in anoxic environments for some anaerobic bacteria and fungi along 
the oxycline in lakes, rivers, and wetlands (Kalff, 2002), providing energy for the organisms. 
Nitrogen trapped in biomass is re-oxidized, and converted into gaseous nitrous oxides, such as 
NO and N2O, and then N2 (Kalff, 2002), as follows:
                                                                                                                    (Kalff, 2002)
Eventually some of these ions are incorporated either back into the atmosphere, as N2, or taken 
up by the primary producers, allowing for the cycle to begin again. This allows for atmospheric 
nitrogen to be replenished over time. Denitrification in the water column favors lighter isotopes 
in the conversion to atmospheric nitrogen, and thus works to enrich residual nitrate from +15o/oo 
to +30o/oo (Kendall and McDonnell, 1998). 
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑁𝑁𝑁𝑁 → 𝑁𝑁𝑁𝑁𝐻𝐻𝐻𝐻4+ 
 
 
𝐶𝐶𝐶𝐶6𝐻𝐻𝐻𝐻12𝑂𝑂𝑂𝑂6 + 4𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑂𝑂𝑂𝑂3 ⟶ 6𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 + 6𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 + 2𝐻𝐻𝐻𝐻2 + 4𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 
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1.3.6: Nitrogen Cycle Seasonality and Environmental Change 
 Different loops and sub-loops within the nitrogen cycle occur more readily in different 
seasons based on atmospheric interaction, oxygen availability, temperature, and electron acceptor 
concentration. Lakes with little seasonality and regular mixing will be more prone to higher 
rates of nitrogen fixation and nitrification. Environments that undergo seasonal changes, such as 
surface freezing or long summer stratification, may undergo periods of anoxia in the deep waters. 
In the case of the colder environments, a restriction to atmospheric oxygen due to ice cover may 
occur. This triggers denitrification, which only occurs in anoxic settings. During this time there 
is also decreased levels of fixation and assimilation during the cold winter months when the 
populations of primary producers are reduced. 
 Differing periods of dominant reactions can influence the net isotope ratios of nitrogen 
within a lake system. For example, periods of high nitrification deplete δ15N levels of nitrate, 
while periods of high denitrification enrich residual δ15N of nitrate. Areas where nitrogen pools 
often do not re-enter the atmosphere, due to the depth or other barriers, may cause nitrification 
and partial denitrification to occur without a pathway for escape.  This causes the nitrogen at 
depth to be cycled internally, constantly nitrified, assimilated, and denitrified, furthering the 
fractionation that occurs between these reactions. This situation then leaves only the nitrogen at 
the surface able to transfer through surface fixation and complete denitrification (Zehr and Ward, 
Figure 1.2: δ15N values of various environmental sources. The values for both nitrate and ammonium are 
represented (Peterson and Fry, 1987).
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2002). 
 Sources of nitrogen influx also influence δ15N values of nitrate or ammonia measured. 
Influxes of pollution, or other anthropogenic sources of nitrogen, may alter the isotope ratio of a 
nitrogen pool. Burning of fossil fuels, influence of fertilizers, and other pollutants may introduce 
different sources of nitrogen isotopes into an environment, causing a change in observed δ15N 
values (Figure 1.2) (Kendall and McDonnell, 1998). The major threat to lacustrine nitrogen 
budgets stems from the introduction of nitrate and ammonia from fertilizers. Inorganic fertilizers, 
depending on the methods behind their creation, show different values of δ15N of nitrate, with 
ranges of -4 to +4o/oo, with mean values of +2.75 
+/- .0.76
o/oo (Kendall and McDonnell, 1998). 
Organic fertilizers on the other hand have much different values, with δ15N of nitrate ranging 
from +2 to +30o/oo, depending on the source organism (Kendall and McDonnell, 1998).
1.4: Marine Derived Nitrogen
 Oceanic nitrate typically has δ15N values of +4 to +6 o/oo (Peterson and Fry, 1987). This 
nitrate is incorporated into biology with an enrichment of the δ15N of approximately +2 to 5 o/
oo per trophic level of consumption (Newsome et al., 2010). This leads to increasingly enriched 
nitrogen levels within the bodies of predators as you move up the food web.
1.4.1: Anadromous Fish
 Anadromous fish serve as a vector for nutrient transfer between marine and freshwater 
Figure 1.3: δ15N values found in three different types of biomass tissues: Primary producers (Circles), 
primary consumers (Triangles), and secondary consumers (Squares). Note the pattern of enrichment 
in the Bride Brook samples, which were subject to an alewife migration, while no such pattern exists 
in Four Mile River, where no alewives were found. The shaded region represents the period in which 
the alewife migration occurs in the area (Walters et al., 2009) 
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environments. Annual spawning migrations to natal spawning habitats works to deposit enriched 
nitrate into the freshwater system, which is then incorporated into the local biota and sediment 
records (Figure 1.3)(Finney et al., 2000). This nitrogen source is aptly named “marine derived 
nitrogen” (MDN). 
 Anadromous fish are described in two categories based on spawning habits; semelparity 
and iteroparity. Semelparous fish undergo one reproductive cycle during their lifetime, and 
immediately after die. One commonly known example of semelparous behavior is seen in the 
Pacific Salmon. Iteroparous organisms are able to have multiple reproductive cycles in one 
lifetime. Alewives and Atlantic salmon, are some species that display this behavior. After birth, 
a small portion of the anadromous life style involves growth off freshwater plankton, however 
majority of their life is spent growing at sea. In species like pacific salmon, development in 
marine environments account for 99% of adult biomass (Finney et al., 2000), resulting in 
biomass enriched in 15N relative to freshwater fish. After death, nutrients stored in the body are 
released into the lake ecosystem, resulting in the introduction of MDN. In western US, this influx 
represents 50% of the annual nutrient budget of the lake (Schmidt et al., 1998; Finney et al., 
2000). Nitrogen budget percentage of Eastern lakes is yet to be studied, but is assumed to be high 
since lakes in the region are nutrient rich (West et al., 2010). This transfer of nutrients provides 
important nutrient vectors into freshwater environments, while resulting juveniles present a 
vector of nutrient removal, sometimes exporting more nutrients than adult imports (Scheuerell et 
al., 2005).
 The influx of enriched MDN into a system allows for δ15N values to be used in the tracing 
of anadromous fish migrations. This method  has been used in both the east coast, on anadromous 
herrings such as the alewife, and on the west coast, in the study of pacific salmon (Finney et al., 
2000; Post and Walters, 2009; Walters et al., 2009; Post et al., 2010). In Alaska salmon MDN 
inputs were used to record the effects of anadromous migrations on photosynthesis, leading 
to some of the first observations of MDN impacts on freshwater ecosystems, with increased 
numbers of anadromous salmon positively correlating with increased amount of nitrogen present 
in the lake (Finney et al., 2000).  Since then studies in the East coast have worked to determine 
the effect of MDN inputs by anadromous fish, such as the alewife, on plants, insects, and fish 
within the ecosystems. 
1.4.2: Alewife  
 The Alewife (Alosa Pseudoharengus) is a member of the herring family and can be found 
naturally along Eastern North America, ranging from North Carolina, USA to Newfoundland, 
Canada (Scott, 1998). Reproductive maturity is reached between the ages of 4-5 years old. Adult 
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alewives range in length from 279-305 mm and weigh an average of 230 g. Female alewife may 
produce 60,000-100,000 eggs (Maine. Department of Environmental et al., 2002). 
 The alewife also provides an important economic and environmental resource to the 
migratory regions. In Maine, alewives were once one of the most abundant migratory fish in the 
area, with migrations theorized to have occurred in every stream where natural barriers did not 
exist (Maine. Department of Environmental et al., 2002). Historically, due to their abundance, 
these fish have been used for preferred bait for the lobster, cod, and halibut fisheries in Maine, 
a practice that continues to the modern day (Maine. Department of Environmental et al., 2002). 
Historically harvesting of these fish reached yearly catches of over 4.5 million pounds of fish, 
which provided close to $180,000 in yearly revenue (Figure 1.4) (DMR, 2012). Alewives also 
play an important role as a yearly source of food for local residents. Historically alewives 
have presented a cheap fish export, and was used as a common food product dating back to the 
colonial trade to the West Indies (Perley, 1852). 
 Alewife also provides a food source for the Atlantic Cod. Decreasing populations 
of alewife could be linked to diminished food availability for the Cod, as both have decline 
coincidentally (United States et al., 1873). Other commercial fisheries influenced by alewife 
Figure 1.4: Historical fishery yields in millions of pounds (Green Bar) and equivalent dollars earned (Blue 
Line). The purple box corresponds to the onset of the 48 hour per week closure of the alewife fishery, 
while the green box corresponds to the later 72 hour closure (DMR, 2012)
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population diminishment include the Atlantic tuna species and freshwater piscovorous fish along 
the migration routes (Maine. Department of Marine Resources, 2012). According to the Maine 
Department of Natural Resources the alewife also provides a natural source of food for predatory 
birds such as osprey, eagles, loons, and Great Blue Heron. 
 Despite the importance of these fish, their populations have decreased dramatically as 
a result of the installation of anthropogenic barriers to migration routes. Colonial descriptions 
of alewife during the spawning period describe an abundance “in such multitudes as almost 
incredible, pressing up such shallow waters as will scarce permit them to swime [sic]” (Wood 
and Vaughan, 1977). However, dams, such as the one built on Nequasset Brook, have caused a 
dramatic decrease in spawning habitat in Maine and across the eastern seaboard. At Nequasset 
alone the historically predicted alewife population has decreased by approximately 68% (KELT, 
2015). Sources of this decline have been linked to a combination dam emplacement, as well as 
over fishing by commercial vessels, such as soviet fisherman that were given access to the North 
American herring fishery in the 1960’s (AP, 1989; Johnson, 2016)
 In response to fish stock decline over the years, state laws have been passed in order 
to aid fish population growth. First, a weekly 48-hour closure of the alewife fishery was 
implemented in the 1960’s (DMR, 2012). Despite this, however, alewife populations continued 
to decline. In 1986 Maine’s Department of Natural Resources initiated a restoration effort in 
order restore alewife populations to their historic maximum. Actions by the state, such as dam 
renovations, fish ladder installations, or dam removal, have worked to allow more alewife 
passage upstream to spawn in their original habitat (Maine. Department of Environmental et 
al., 2002). Limitations on weekly collection limits of 72 hours were put into place in 1995, 
increasing from previous closures of 48-hours (DMR, 2012). Bans on fishing locations were 
passed, limiting fishing to only one collection site per river, as well as a weekend fishing ban 
from Thursday morning to Sunday morning during the run (DMR, 2012). 
1.4.3: Sources of Alewife Nitrogen Deposition
 Both during and after the migration, there are three vectors for MDN influx due to 
alewife migrations; direct excretion, gamete deposition, and carcass decay (Post et al., 2010). 
Some of these nutrients are then removed by the exiting youth of the year (YOY), and the rest 
is either incorporated into the freshwater biota and settles into the sediment (Finney et al., 2000; 
Walters et al., 2009) or continues to be cycled throughout the lake. The amount of nitrogen 
deposited by alewives is a function of migration size, mortality rate, retention time, average 
fish size, excretion rate, and average nutrient content of the fish (Walters et al., 2009; Post et al., 
2010). 
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1.4.4: Literature Review
   A study performed in Connecticut by 
Twining, et al., (2013) represented the impact 
of damming on native alewife populations. 
Four lake systems were studied, Bride Lake, 
Linsley Pond, Rogers Lake, and Uncas Pond. 
Bride Brook, Linsley Pond and Rogers Lake all 
supported historical alewife runs, while Uncas 
never did. However, after the construction of 
dams on Linsely Pond and Rogers Lake the 
alewife run stopped. The introduction of these 
artificial barriers in two lake systems removed 
the anadromous fish populations entering 
the lake, as well as their inputs and exports 
of nutrients from the lake. This resulted in 
the altogether stop of allochthonous nitrogen 
present in these zones (Figure 1.5) (Twining 
et al., 2013). Systems that continue to support 
alewife runs, such as Bride Lake, have had 
significantly decreased inputs of nitrogen due to 
the alewife run, with modern alewife nitrogen 
inputs yielding approximately 6% of their 
historic maximums, a result of global population 
decline (Twining et al., 2013).   A separate study, performed by Post 
and Walters (2010), mapped allochthonous 
phosphorus inputs due to an alewife migration, 
finding similar results. Their findings concluded 
that currently alewife contribute approximately 
23% of the phosphorus load into Bride Lake, 
Connecticut, with historical values reaching 
as high as 44% in 1960 (Post et al., 2010). 
These inputs yield from three places; carcass 
decomposition, excretion, and gamete decomposition, similar sources to that of nitrogen. 
Figure 1.5: Modeled concentrations of allochthonous 
nitrogen through time across four lake study 
sites. The shaded portion represents inputs 
due to alewife migrations, while the black line 
represents anthropogenic nitrogen. Bride Brook 
(a) has no barriers to alewife movement. The 
sudden stop of alewife inputs in graph b and c is 
due to the introduction of a barrier on the lake. 
Uncas Pond (d) has never received an alewife 
run due to natural barriers to the lake.  (Twining, 
et al., 2013)
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Figure 1.6: (Left) Location of Nequasset Lake in the state of Maine. (Upper Right): Map of Nequasset 
Lake. The location of the fish ladder (Bottom Right) is shown as a red point on the southern portion 
of the Map (Esri, 2016). 
1.5: Study Site
1.5.1: Nequasset Lake
 Nequasset Lake is located in southeastern Maine (43.952531, -69.774102) (Google 
Maps, 2015), and serves as a tributary lake to the Kennebec river, which drains into the Atlantic 
Ocean. The lake’s watershed spans a 52.8 square kilometer area and incorporates the towns of 
Woolwich, Wiscasset, and Dresden (Kale and Gammon, 2007). The drainage basin measures 
16 km long and averages 3.1 km in width, with water eventually draining into Nequasset Lake 
(Chiao et al., 2013). This lake provides drinking water for the cities of Woolwich, Wiscasset, and 
Bath, which incorporates over 15,000 people (Figure 1.6) (DEP, 2008) 
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 The bedrock geology of the location consists of the Cape Elizabeth Formation, which is 
overlain by the Presumpscot Formation, a glacial-marine silty clay (Hussey, 2002). A formation 
of two-mica granites, called the Woolwich-Phippsburg belt, is observable within the region 
(Hussey, 2002). A study conducted in 2011 analyzed the possibility of nitrogen inputs from the 
bedrock geology and concluded that mica-schist dominating bedrock contains roughly 10 times 
the amount of nitrogen in diorite-gabbro (Morford et al., 2011), possibly providing an input into 
lakes. However, since the Bath Water District has rarely measured excessive NO3 concentrations 
in the lake, contributions from the bedrock are assumed to be negligible (Johnson, personal 
communication). 
  The surrounding land cover is primarily forested, 80.11% with the next highest land 
cover being wetland at 7.18% (Figure 1.7)(Chiao et al., 2013). The following 13% is attributed 
to developed land, including farmland, and grassland.  Since the lake provided drinking water for 
the neighboring towns, efforts to reclaim the land around it from residents through the purchase 
of homes on the shoreline has been instituted by the Bath Water District (BWD, 2016).
1.5.2 Nequasset Alewife history
 The town of Woolwich has historically always had an alewife migration in Nequasset 
Lake and has acknowledged their importance to both the environment and industry for centuries. 
Since the 1700s, legislation has required the passage of alewife through dams and mills built 
along the watershed (KELT, 2015). In 1955 a modern style fish ladder was constructed in the 
previously existing dam. In 2014 when the ladder was renovated from an all-wood ladder, which 
had a tendency to break, to a metal ladder with hopes that more fish would enter the system 
(KELT, 2015). The use of metal for the ladder hopefully will prevent damage to the ladder, 
Figure 1.7: Percent surficial land use of the Nequasset watershed (Chiao, 2013)
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which has caused blockages to fish ladder towards the later periods of the run (KELT, Personal 
Communication). The metal ladder included an entirely metal base, with wooden frames at the 
top that allowed for adjustable flow and ladder-rung height. 
 The Kennebec Estuary Land Trust (KELT) predicts that in the past up to 400,000 fish 
entered the system each year, with close to the same number being harvested (KELT, 2015). 
From roughly 1960 to 2010 estimations of alewife run based on annual harvests have seen 
population declines of approximately 72%, from original populations of 1,000,000 fish harvested 
(Figure 1.8) (BWD, 2016). 
 In 2012, 2013 and 2014, and 2015, rather than using harvest numbers to calculate fish 
run size, a method of fish counting by the Kennebec Estuary Land Trust was implemented at the 
top of the dam. These years observed migrations of 29,915 fish, 40,841 fish, and 150,950 fish, 
respectively (Figure 1.9)(KELT, 2015). With the onset of the new fish ladder, both fish counters 
and fishermen hope that larger fish populations will be able to migrate upstream each year, 
bringing even larger populations in the future. 
1.5.3 Nequasset Previous Studies 
Two previous studies have been performed at Nequasset lake, first in 2012 (Chiao) and later in 
2013 (Cunningham), in order to begin monitoring the effects of the alewife migration on the 
nitrogen budget in the lake. These two studies produced the baseline evidence for MDN cycling 
for which this year’s project will expand upon. Data sets from the two previous years will be 
used to assess how MDN nutrient inputs have changed at Nequasset, if they have, under the new 
fish ladder, and analyze if the geochemical cycling of the lake has changed through the years. 
The three years will then be combined to provide a full analysis of nitrogen cycling within the 
lake, as well as a discussion on the impact of a renovated fish ladder in an alewife influenced 
environment. 
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Figure 1.8: Historal harvest data at the Nequasset Dam. These values are used as a proxy for migration 
numbers before fish count data became available in 2012. (BWD, 2012)
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Figure 1.9: Results of the 2012, 2013, and 2014 fish runs. Values for total fish are the combined number 
of fish counted over the dam, as well as the number of fish harvested (KELT, 2015)
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2.0: Methods
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2.1: Fieldwork
 Most fieldwork was performed during the months of May and June of 2015 in 
the Nequasset Watershed, with some late monitoring days performed in November and 
December of 2015-2016. Sampling was performed by hand at each location either by foot 
access or by a small aluminum boat with an attached 10 horsepower engine, which was 
provided by the Bates College Geology Department. 
2.1.1: Fish Count
 The number of alewives entering the Nequasset Lake system was determined by the 
Kennebec Estuary Land Trust’s (KELT) annual fish count. This project uses volunteers from 
the area to monitor the amount of fish entering the lake over small sampling time periods 
in order to extrapolate the total amount of fish entering the lake during the run. In order to 
do this a two-way stratified random sampling design created by Gary A. Nelson (2006) of 
the Massachusetts Division of Marine Fisheries was implemented.  
 KELT volunteers signed up to participate in two-hour monitoring periods in which 
each volunteers would make two 10 minute fish 
counts during these two hours. These monitoring 
periods, performed an average of 8 times a day, were 
scheduled between 6:00 am and 8:00 pm, and were 
performed each day of the week from May 1st until 
June 9th. During the ten-minute interval, individuals 
counted fish as they passed over the topmost rung of 
the Nequasset Fish Ladder (Figure 2.1) keeping track 
with a hand held counter. Each volunteer was asked to 
record observations about the weather, temperature 
of the water and air, and any visible wildlife in the 
area in order to provide a better understanding of the 
circumstances. The data were stored on a sheet in a 
weatherproof box housed in the fish barn on site.
Figure 2.1: The uppermost boundary of 
the Nequasset Fish ladder, where the 
fish count took place. Note the fish 
on the right side of the wooden rung.. 
As the fish enter the dam (Left) they 
are counted. Photo taken by Brittis-
Tannenbaum (2015).
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Individual count values were then input into the equation developed by Nelson in 
order to estimate the total amount of alewives entering the system, as follows: 
 (Nelson, 2006)
This value calculates the mean number of alewife entering the system,, by adding the sum 
of each individual volunteer fish count, yi, and dividing it by the total times units, n, which 
represents the number of times counted. Since it is impossible to have a volunteer at the 
ladder every minute of every day this number is an estimate, displayed by the cap, ^, on 
the variable. This estimation represents the viewed amount of alewife during the short 
observation periods. The total possible number of time units that could have occurred 
during the sampling period, N, is then multiplied by the average count value to produce the 
estimated total fish population,:
                                                              (Nelson, 2006)
As an estimate, a representation of variance must be included in final product of the model. 
This variance works to take into account biological and external factors exerted on a fish 
population such as the presence of predators, water temperature, and reproductive or 
energy state of the fish, which must be included to accurately estimate the variability of the 
run (Nelson, 2006). This is calculated using the following equation:
                                                              (Nelson, 2006)                     
This represents is the deviation of the average amount of fish entering the system from the 
observed amount entering the system. The square values of these deviations were then 
summed and lastly divided by the number of observations, n, minus one. This value can 
then be used to see the difference of change in each sample (Nelson, 2006). 
𝑌𝑌𝑌𝑌� = 𝑁𝑁𝑁𝑁 ∗ 𝑦𝑦𝑦𝑦� 
 
𝑠𝑠𝑠𝑠2� = ∑ (𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 − 𝑦𝑦𝑦𝑦)�𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖−1 2
𝑛𝑛𝑛𝑛 − 1  
 
𝑦𝑦𝑦𝑦� = ∑ 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖=1
𝑛𝑛𝑛𝑛
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2.1.2: Sampling Locations and Field Tests
  Samples were collected from six different sampling sites throughout the Nequasset 
watershed, three inlets, the deepest portion of the lake at both the surface and below the 
thermocline, and the outlet of the lake. The three inlets of the lake are Nequasset Brook 
(NB) in the North, George’s Brook (GB) in the East, and Sucker Brook (SB), in the Southeast. 
The deepest portion of the lake was identified using bathymetric data provided by the 
United States Geological Survey (DIFW, 1982). The location was marked on an Apple 
IPhone Map app in order to locate it on each trip. Water quality measurements were taken 
each meter through the water column. Water samples were taken at both the surface, Deep 
Hole Surface (DHS), and below the thermocline, Deep Hole Deep (DHD).  The outlet at the 
Nequasset Dam (TOD) was tested the most frequently and will be the focus of this project 
(Figure 2.3).
Water quality parameters for each site were calculated using a Hydrolab multimeter. 
This assessment produced values for temperature, dissolved oxygen (DO), specific 
conductivity (SpC), and pH at each location. These tests were performed at the surface 
at each location with the exception of the Deep Hole where measurements were taken at 
every meter through the water column. In order to provide accurate results the Hydrolab 
was calibrated before each field day for pH, %DO, and SpC using purchased standards in the 
Environmental Geochemistry lab at Bates College. 
 Stream discharge was analyzed at the inlets and outlet 
using depth and width measurements across the stream 
channels compared to measured flow rates. Channel depth 
was calculated using depth measurements read from a 
weighted string. Measurement locations were chosen where 
bank constraints were constant and width could be constantly 
measured across the channel. These values were used to 
calculate stream discharge by multiplying them by stream-flow 
velocity determined by a Swoffer Flow-meter. 
At the Top of the Dam stream channel measurements 
were calculated by separating the channel into two distinct 
shapes, a fixed triangle with an area of 396.24 cm2, and a 
rectangle with dimensions of 30.48 cm multiplied by the  
measured depth, minus 13 cm, which is already incorporated 
in the area of the triangle (Figure 2.2). Depth values were 
calculated by hand for the dates 5/20/15 through 6/18/15 
Figure 2.2: Sample channel for 
calculating the discharge 
at TOD. Area is calculated 
using the formula: 2(Hs*W) 
+ (Ht*W). The height of 
the square varies with daily 
depth, however the triangle 
remains constant. 
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Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics,
CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid,
IGN, IGP, swisstopo, and the GIS User Community
´
0 0.55 1.10.275 Kilometers
1:20,000
Sampling Locations
Figure 2.3: Satellite image of the Nequasset Lake region. Sampling Locations have been plotted using the 
ArcGIS program provided by Bates College. Top of the Dam (TOD) was sampled the most regularly. 
Sucker Brook (SB), George’s Brook (GB) and Nequasset Brook (NB) are all tributaries into the lake.  
The Deep Hole (DH) point is located in a general area for the sampling locations, which tended to 
move due to boat drift. 
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using a meter stick. For the days prior to 5/20/15, where no depth values were calculated, 
mean depth from the measured days were used to estimate discharge and discharge 
changes during the time period.
2.1.3: Sample Collection
 Two different types of water samples were collected in the field. The first type, 
dedicated to nutrient testing, was collected on 43 days during the fish run. Three nutrient 
samples were taken per day to form one set, one 50 mL sample and two 15 mL samples. 
Each of these sample were extracted from the water at the top of the dam using a 50 mL 
syringe and filtered through 25mm 0.7 μm GF/F syringe filters. The 50 mL sample was 
placed in a 125 mL plastic amber bottle and the 15 mL samples were placed in 15 mL 
scintillation vials. Both the vials and the bottles had been washed in a 10% HCL at Bates 
College for at least 4 hours before use in order to remove contamination. After filtration the 
samples were frozen until later use at the Bates College Environmental Geochemistry Lab. 
 The second type of water sample was collected for δ15N nitrate analysis at each of 
the sampling locations. Each set consisted of a series of 9 one-liter samples taken in plastic 
Nalgene bottles. Each pre-washed bottle was rinsed in the lake and dumped away from the 
sampling region to eliminate contamination. Three samples were taken from the top of the 
dam on a weekly schedule, and tributaries and the deep hole were sampled every other 
week by boat. Samples at the surface were collected by hand, while those in the deeper 
portions of the lake were collected using a Kemerer Water Sampling Apparatus. 
After collection, at the Bates environmental Geochemistry lab, the one-liter sample 
bottles were immediately filtered through Whatman 0.45 μm GF/F filters that had been 
previously treated at 400oC to remove organic contamination. After filtration, the samples 
were either refrigerated for immediate use or frozen for long-term storage. At least four 
filters used were labeled and frozen for later chlorophyll (n=1) and particulate organic 
matter (n=1) isotope analysis. 
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2.2: Laboratory Analyses
 The following methods were completed in the Bates College Environmental Geology 
Laboratory or in similar sites on the Bates College campus. All glassware used in this 
experiment was acid washed in 10% HCl for at least four hours prior to use to remove 
contamination. Substances that could not be acid washed such as the filters mentioned 
above and compounds, namely NaCl and MgO, were treated or “ashed” at 400oC to remove 
any organic forms of contamination. 
2.2.1: Nitrate Extraction
 The extraction of nitrate from the large sample sets was performed following 
the methods of Sigman et al. (1997) and Homes et al. (1998) (Figure 2.4). First, in order 
to ensure a high enough concentration of nitrate in the sample for the Isotope Ratio Mass-
Spectrometer the samples were concentrated from an original sample size of three liters 
to one liter. To do this the samples were moved into acid washed Erlenmeyer flasks and 
2.25g of magnesium oxide were added to the samples. Each sample was then combined 
through evaporation from three-liters to 0.75 liters in an evaporation oven at 65oC in the 
Bates College Environmental Geochemistry Lab. The addition of magnesium oxide allows 
for the breakdown of labile dissolved organic nitrogen in the sample, with a suggested 
input of 300mg of “ashed” MgO per 100ml of final sample volume (Sigman et al., 1997). If 
the sample evaporated below .75 liters it was refilled with reverse osmosis purified water 
through the E-Pure Water Purification System in the Bates Environmental Geochemistry 
Laboratory. This event happened often, however complete evaporation happened rarely, 
resulting in small amounts of E-pure water being introduced into samples. Since nitrate is 
persistent in a sample, it is assumed that no nitrate is lost due to over evaporation (Dostie, 
2016). 
 During this process, the creation of diffusion packets was performed. The diffusion 
packets consisted of an “ashed” Whatman 1cm GF/D filter disk that had been acidified 
with 25 μL of 4N H2SO4 and sealed between two permeable pieces of Teflon tape.  Diffusion 
packets were made on the last day of evaporation-incubation and were immediately used after creation. 
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Figure 2.4: (Top) Overview of Sigman’s process based on volume sizes specific for this experiment 
(Modified from Sigman et al. (1997). (Bottom) Broad overview of sample collection and processing 
for one nitrate isotope replicate. Each sample was analyzed in triplicate, represented by the initial 
sampling of nine bottles. 
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 Once the evaporation period was finished the now one-liter samples were removed 
from the incubation ovens and transferred into one-liter acid washed glass bottles with 
screw-on Teflon caps. 37.5g of “ashed” NaCl were added to each 0.75L sample. Next, 0.56g 
of Devarda’s alloy, an alloy comprised of approximately 45% aluminum, 50% Copper, and 
5% zinc (Sigma-Aldrich, 2016), and a diffusion packet were added coincidently. The sample 
was immediately sealed to stop the escape of ammonia gas, formed upon the addition of 
Devarda’s alloy. Since the diffusion packets are porous the addition of NaCl to the solution 
prevents them from bursting due to osmosis (Holmes et al., 1998). 
 Each sealed bottle was then transferred to an incubator at 65oC with a 60-rpm 
rotation for at least 14 days. This incubation period facilitated the nitrate reduction and 
ammonia diffusion onto the acidified packet (Sigman et al., 1997). 
 After the incubation period, the diffusion packets were removed from the water. 
Each was extracted using chrome-plated forceps and washed first in 10% HCl and then 
twice in reverse osmosis E-Pure purified water. Each acid pack was then dried in an acid 
fume desiccator for two days in the presence of concentrated H2SO4. After this period the 
entire acid packet was removed from the desiccator and either immediately processed or stored in a silicate gel desiccator. 
2.2.2: Standard Creation
 In order to analyze the accuracy of the nitrate δ15N procedure, standard solutions of 
known NO
3
- concentration, and isotopic composition, were created and processed following 
the same protocol as the collected study samples. Each standard was made using a 1mM 
Standard Concentration
(μM NaNO3)
Stock Solution Volume
(mL)
E-Pure Volume
(mL)
0 0 750
2 2 750
5 5 750
10 10 740
20 20 730
Table 2:1: Nitrate standard creation parameters. Volumes of the stock solution were added to volumes of 
E-Pure. 750 mL of E-Pure was used in the 0, 2, and 5 μM stock solutions due to the negligible amount 
of nitrate brought into the system by small volumes of E-Pure. 
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NaNO
3
 stock solution yielding five standards of 0 μM NaNO
3
, 2 0 μM NaNO
3
, 5 0 μM NaNO
3
, 
10 0 μM NaNO
3
, and 20 0 μM NaNO
3
. Table 2.1 displays the amount of stock solution added 
to E-Pure water in order to create each standard, which was then processed in exactly the 
same manner as the normal samples, with the exception of the evaporation. 
2.2.3: Nitrogen Isotope Analysis
 After the diffusion packs from either the experimental or standard samples were 
removed and dried they were ready to be analyzed for nitrogen isotope composition. To 
do this filters were removed from the acid packets, placed in silver boats, and analyzed 
on a Costech elemental analyzer (EA) interfaced to ThermoFinnigan Delta V Advantage 
stable isotope ratio mass spectrometer (IRMS) via combustion interface (EA-C-IRMS) in 
the Environmental Geochemistry Laboratory at Bates College. All samples were tested 
against house standards of acetanilide, caffeine, and cod muscle to track the accuracy of the 
instrument.  Silver boats were used as packaging for IRMS analysis in order to reduce the 
oxidation of metal due to the presence of acid on the filters. Normally tin boats are used 
(Dostie, 2016).
2.2.4: Particulate Organic Matter Isotope Analysis
 The δ15N values of particulate organic matter were assessed through the IRMS 
analysis of filters used for nitrate sample filtration. 1/8 of each filter was cut off, and stored 
in a tin boat for analysis in the ThermoFinnigan Delta V Advantage IRMS at the Bates 
Environmental Geochemistry Lab. 
2.2.5: Nutrient Concentration Analysis
 Nutrient concentrations in the waters collected at the top of the dam were 
analyzed using the Chromeleon program and a Dionex ICS-2000 Ion Chromatograph in 
Holly Ewing’s lab, of the Environmental Studies Department at Bates College. Both a run-
program and quantification file for nitrate and phosphate detection were set up previously 
by the laboratory technician, Camille Parrish, in accordance with necessary parameters 
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determined by standard runs. A run time of 10 minutes and a cell temperature of 35oC were 
altered to separate peaks of nitrate for Nequasset waters. 
Nutrient standards for phosphate and nitrate were determined based on 
concentrations retrieved by previous studies at Nequasset Lake and were made following 
guidelines set out by Dr. Ewing. Concentrations for nitrate from 2012-13 ranged from 
the detection limit, 0.005 ppm, to 0.06 ppm and concentrations for phosphate ranged 
0.005 ppm- .03 ppm (Chiao et al., 2013; Cunningham, 2014). Based on these ranges eight 
standards of 0 ppm, 0.005 ppm, 0.007 ppm, 0.01 ppm, 0.04 ppm, 0.06 ppm, 0.1 ppm and 1.0 
ppm were created, ranging from both within the range of previous detection, and exceeding 
them. 
These standards were made using serial dilutions from a 1ppm stock solution of 
both NO
3
- and PO
4
3- previously made using two separate parent solutions of 50 ppm each.  
Serial dilutions using reverse osmosis water from the E-Pure filtration device in the Bates 
Environmental Geochemistry Lab were used to reach the desired concentrations.
 Standards and the set of 43 collected water samples were run through the IC using 
the set parameters. Chromatograph areas for both nitrate and phosphate were used to 
calculate concentration using a curve generated by processing the standards (figure 2.5)
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Figure 2.5: Standard curve generated for both nitrate (left) and phosphate (right). Values for concentration 
were calculated using the formulas for the lines of best fit. 
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2.2.6: Chlorophyll Concentration Analysis
Chlorophyll concentration was analyzed using a fluorometer provided by William 
Locke of the Bates College Biology Department. This method used filters generated through 
the filtration of the one-liter water samples for nitrate isotope analysis. 24 hours prior to 
instrument use 10ml of 90% acetone was added to each centrifuge vial containing a single 
filter in order to extract the chlorophyll from the filter. The vial was then placed back into 
the freezer. 
 At the time of analysis, the instrument is first turned on and allowed to warm up for 
15 minutes. The acetone from each sample was individually poured into a clean test tube, 
and placed into the instrument in order to retrieve the first fluorescent reading, Fo. 
If the initial Fo reading was above the detectible limit, the sample was diluted to 10% 
by placing 1ml of the solution in another clean test tube, along with 9ml of 90% acetone, 
and replaced into the instrument. In this case, a dilution factor of 10 was recorded. 
After a Fo value was acquired, 3 drops of 6M HCL was added to the solution, and the 
tube was inverted to mix, and inserted into the instrument once again. The addition of acid 
effectively breaks down the pigments within the solution, allowing for a second reading 
without the presence of chlorophyll to occur, recorded as Fa. This is a measurement of 
fluorescence due to non-chlorophyll related pigments (Locke, 2016). 
Values for Fo, Fa, and dilution factor were then inputted into a series of equations 
previously programmed into an excel spreadsheet by the Bates College Biology Department 
in order to calculate concentrations of chlorophyll for each day. William Locke then 
analyzed the calculated concentrations in order to ensure that the equations were 
correct, and extra sample filters were stored in freezer within the Bates Environmental 
Geochemistry Lab for future results. 
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3.0: Results
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3.1: Physical Characteristics of Nequasset 
 Results of the physical characteristics of Nequasset Lake include chlorophyll 
concentrations, temperature and precipitation measurements, changes in discharge, 
and overall lake water chemistry. This data consists of lab-generated results and on-line 
resources, such as the National Climate Data Center (NCDC) and KELT reports (KELT, 2015). 
3.1.1: Chlorophyll Concentrations
 Chlorophyll at Nequasset Lake shows an increase in concentration during the early 
phase of the study, followed by a period of decline (Figure 3.1). Initial concentrations were 
measured at 0.3 μg/L, on 5/1 and increased to 7.8 μg/L by 5/26. Following this peak in 
concentration, chlorophyll begins to decline, reaching 1.8 μg /L on 6/8. Chlorophyll acts as 
a proxy for primary productivity and is likely indicative of the spring bloom of lake algae. 
Raw Data is found in Appendix A.
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Figure 3.1: Concentrations of Chlorophyll at the Top of the Dam.
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3.1.2: Temperature and Precipitation 
 Both air and water temperatures, observed by KELT volunteers, showed positive 
correlation, with increasing temperature trends throughout the study (Figure 3.2). 
Complete temperature recordings are available in appendix X. Air temperature ranged 
from a peak of 24oC to a minimum of 8oC, with a peak average temperatures occurring on 
both 5/10/15 and 5/27/15, and the minimum temperature occurring on 6/1/15. Water 
temperatures ranged between 9oC and 21oC, with the coolest and warmest days occurring 
on the first and last days of the study, respectively. Raw data is found in Appendix B. 
Precipitation data for the study site was taken from the Augusta Airport National 
Climate Data Center (NCDC) station, 
which yielded the nearest possible 
information (NOAA, 2015). Total 
rainfall during the study period 
was 97.282 mm (Figure 3.3). 
The two largest rainfall events 
occurred on 5/19/15 and 6/1/15, 
depositing 22.606 mm and 22.098 
mm respectively. The day with the 
next largest amount of recorded 
precipitation was 6/2/15, with 
10.922 mm of rainfall in the area. 
All other days in the study period 
recorded less than 10mm of rain.   
Raw data can be found in Appendix C.
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Figure 3.2: Measured temperatures of the air and surface water at the Top of the Dam. Measurements 
represent an average of the observations taken throughout each day by KELT volunteers. 
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Figure 3.3: Measurements of precipitation at the Augusta 
Airport NCDC station (NOAA, 2015).
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3.1.2: Flow Rate and Discharge
 Top of the dam (TOD) is the only outlet of surface water for the lake. Flow rates 
were taken from the uppermost rung of the fish ladder. The highest rate of flow occurred 
on 6/4/15 with a measured value of 0.75 m/s. After 5/15/15 a period of universally higher 
flow was observed at the outlet compared to days leading up to 5/15/15 (Figure 3.4). Raw 
data can be found in Appendix D. 
 
Discharge reached a peak at 0.03m3/s on 6/4/15, with minimum discharge rates predicted 
to have occurred on 5/3/15 and 5/8/15, with values of 0.0055 m3/s and 0.0051 m3/s, 
respectfully (Figure 3.5). Peak discharge roughly corresponds to peak precipitation as high 
influxes of rainwater introduce more water to the system. 
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Figure 3.4: Flow rate measured at the Top of the Dam.
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Figure 3.5: Discharge calculated at the Top of the Dam. Extrapolated values from when no depth 
was taken (Squares) use the average depth measurement from the observed days (circles).
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3.1.3: Lake Water Chemistry
 All hydrolab data can be found in appendix E. Dissolved oxygen and temperature 
data are only considered for the purpose of this study. 
  Surface temperatures at the Deep Hole increased throughout the season, rising 
from 14.1oC on 5/13/15 to 20.49oC on 6/12/15 (Figure 3.6.A). Contrary, the temperature 
below the thermocline remained constant, at roughly 7.28oC each month. It should be noted 
that with the onset of warmer temperatures at the surface the depth of the thermocline 
increased, submerging from a minimum depth of 5m, on May 28th, to a maximum of 9m, on 
June 12th. 
Concentrations for dissolved oxygen decreased as the study time went on, with 
surface values of 11.0 ppm on 5/13/15 dropping to 9.18 ppm on 6/12/15 (figure 3.6.B). 
Also, consistent through each date, concentrations for dissolved oxygen decreased with 
depth throughout the water column. The lowest concentration of oxygen measured during 
the study period was 7.4 ppm on 6/12/15 at the bottom of the lake. 
These trends are consistent with trends seen at the Top of the Dam where Hydrolab 
readouts display increasing temperature with time as well as decreasing levels of oxygen 
(figure 3.8).
 Predicted dissolved oxygen concentrations for measured temperatures were 
calculated using Henry’s law’s constant set provided by the USGS (USGS, 1998), assuming 
equilibrium between water and the atmosphere. Lower concentrations of oxygen than 
expected were observed through the study period, with the exception of the peak days of 
A B
Figure 3.6: A) Temperature stratification throughout the water column, as measured at Deep Hole. Note 
increasing surface temperatures, and increasing temperature at depth, as the study period progresses.
B) Dissolved oxygen stratification throughout the water column, as measured at Deep Hole. Note that 
there is decreasing concentrations of oxygen at the surface, as well as at depth, as the water warms. 
44
spring bloom, on 5/14-18 (Figure 3.7). This is consistent with predicted oxygen dynamics 
of temperate lakes, where the spring bloom acts a source of oxygen for the atmosphere 
(Johnson, 2016)
Date
4/27  5/04  5/11  5/18  5/25  6/01  6/08  6/15  6/22  
U
ni
t
6
8
10
12
14
16
18
20
22
Temperature (Cel.)
Dissolved Oxygen (ppm)
Figure 3.7: Dissolved oxygen concentrations (Black) and temperature measurements (White) at the Top 
of the Dam over time. Both measurements were completed with a Hydrolab.
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Figure 3.8: Measured dissolved oxygen concentrations at the Top of the Dam plotted against predicted 
concentrations using Henry’s Law (USGS, 1998). Areas shaded in green mark where measured DO 
is greater than predicted DO, signifying a net production of oxygen at Nequasset Lake. 
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3.2: Fish Count
 The first day of observed fish passing over the 
dam was on 5/7/15, and counting continued until 
6/8/15. KELT volunteers counted 9,308 fish in total 
entering the lake over the dam. Ruth Indrick, of KELT, 
determined fish count data using Nelson’s (2008) 
technique. A total estimate of the 2015 fish run was 
determined to be 126,395 fish over the dam. The 
fishermen at the base of the fish ladder harvested an 
additional 300,275 fish before they were able to enter 
Nequasset Lake. The total fish run was estimated at 
426,670 fish. 
Daily estimates of fish crossing over the top 
of the ladder indicate maximum fish population 
movement during the study period, however day-
to-day counts showed high variation (Figure 3.9).  
During the early period of the fish run, small flows 
of fish entered the lake, with 12 fish predicted to 
have entered the lake 
on the first day, 5/7/15, 
and 42 the next day. The 
migration increased 
rapidly after that 
with daily incoming 
populations ranging 
from 98-6000 during 
the following 20 days, 
and increasingly large 
numbers after that. 
The last day of the 
count recorded 6958 
fish, signifying that the 
migration had not yet 
reached completion 
before the count had 
Dates of the 2015 
Fish Run
5/7/15 - 6/18/15
Harvested Fish 300,000
Fish Counted by 
KELT volunteers
9,308
2015 Fish over the 
Dam
126,395
2012 Fish Over the 
Dam
29,916
2013 Fish over the 
Dam
40,841
Table 3.1: Overview of the 2015 Fish Run. 
the Fish passage over the dam in 2012 
and 2013 are added for references 
(KELT, 2015)
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Figure 3.9: Daily measurements of fish crossing over the Top of the Dam. 
46
ended. This suggests that the 2015 fish count represents a minimum estimate of the total 
alewife population. Raw data can be found in Appendix F.
3.3: Nutrient Concentration
  Nitrate and phosphate concentration acquired in Holly Ewing’s Lab at Bates College 
represents preliminary concentration data. Future analysis of the data will be done by a 
third party laboratory to assess the validity of these results.  For the purposes of this study 
the results produced at Bates College will be used.  All concentrations that were measured 
below the detection limit are plotted as a zero. Raw data can be found in Appendix G.
3.3.1: TOD Nitrate Concentration
 Measureable concentrations of nitrate were present in the top of the dam from 
4/19/15 to 5/19/15 and from 6/2/15 to 6/8/15.  No, or very low concentrations (<.006 
ppm) of nitrogen were measured from 4/19 to 6/2, with the exception of 5/23 and 5/25, 
where .016 and .006 were measured respectively (Figure 3.10). The duration of this period 
is considered nitrogen limited, where low concentrations work to limit primary production 
in an area. Peak nitrate concentrations before limitation were reached on the 4/23/15 
with concentrations of 0.47 
ppm and after limitation on 
6/8/15 with concentrations 
of 0.047 ppm. 
 Measureable 
phosphate concentrations 
were present from 5/7/15 
through 6/4/15, with 
phosphate limitation 
occurring both before and 
after this time (Figure 
3.10). Peak measurements 
of phosphate occurred on 
5/18/15 with concentrations 
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Figure 3.10: Measured concentrations of nitrate (Black) and phosphate 
(White) at the top of the dam during the study period. 
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of .015 ppm measured.
3.3.2: Shift in Nutrient Dynamics
 It should be observed that the presence of phosphate was observed when nitrate 
was limited, and vice versa, throughout the study, suggesting a switch in nutrient dynamics 
from nitrogen limitation to phosphorus limitation at approximately 5/11. This day 
represents the midpoint between the first measured concentration of phosphate, and the 
first day of nitrate limitation. 
3.4: δ15N 
 Comparisons of the δ15N values of nitrate and particulate organic matter (POM) 
allows for a full assessment of isotope change through both the primary producers and the 
source waters where they draw their nutrients. The bulk of the data were collected at TOD 
and the δ15N values of these two variables from the tributaries were used to support values 
collected at the Top of the Dam. Raw data can be found in Appendix H. 
In order to test the 
accuracy of the nitrate analysis, 
standard NaNO
3 
were made, and 
prepared in the same fashion as 
the Nequasset Samples (Sigman 
et al., 1997). Standards of 0 μM, 2 μM 5 μM, 10 μM, and 20 μM 
were used, chosen from a range 
of previously measured results in 
past years. Standard curve results 
(figure 3.13) suggest confidence 
in all samples with returns of 5 
μM nitrate return, and suggests 
corrections in samples with 
returns lower than 5 μM .  
These standards work to 
rule out any contamination from 
Micromoles N
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Figure 3.11: Standard curve generated by the IRMS using the 
methods established by Sigman (1998). The black line 
indicates the known isotopic composition of the sodium 
nitrate salt (Johnson, 2016). Any samples with yields under 
5 micromoles were corrected. 
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sample processing, including, but not limited to; 1) the addition of salt, Devarda’s alloy, 
or magnesium oxide. 2) Glassware contamination. 3) Human error. This, in turn, assures 
the accuracy of Sigman’s (1997) methods in nitrate extraction during this experiment, in 
samples above 5 μM nitrogen return. 
3.4.1: δ15N Nitrate 
δ15N of nitrate at the Top of the Dam showed periods of depletion, enrichment, and 
then a final depletion during the study period (Figure 3.12). At the start of the study period, 
5/1/15, the δ15N of the nitrate from the Top of the Dam water samples was analyzed at 
-0.6o/oo with respect to air. The samples then experience depletion in δ15N during the first 
two weeks of sampling, reaching a δ15N value of -7.8o/oo on 5/15/15. After this period, 
δ15N in the nitrate became enriched, with the highest measured value occurring on 6/2/15 
with a δ15N of -5.1o/oo. For the rest of the study period there was an observed depletion in 
nitrate, reaching -11.6o/oo on 6/8/15. 
The δ15N nitrate values for two tributaries, Nequasset Brook and Sucker Brook, both 
display depletion from the start of the study period to the end of the study period (Table 
Figure 3.12: Changes in the δ15N values of nitrate at the Top of the Dam.
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3.2). Values for δ15N could not be recorded for two of the samples taken for the 6/12 NB 
batch and the entire sets of Georges Brook and Deep Hole due to manual error with the 
IRMS that occurred during their analysis, and thus have been removed from this study. 
Table 3.2: Changes in δ15N values of nitrate through the study period at NB and SB.
3.4.2: δ15N of Particulate Organic Matter (POM)
The δ15N of the particulate organic matter at the Top of the dam showed both 
periods of depletion and enrichment during the study period (Figure 3.13). Initial δ15N 
values on 5/1/15 were recorded at 3.0 o/oo. From the start of the study until 5/8/15 there 
was a recorded enrichment, reaching 4.3 o/oo. From 5/8/15 until 5/15/15 there was 
depletion, with a more rapid depletion observed from 5/8/15 until 5/10/15 than from 
5/10/15 to 5/15/15, reaching a minimum δ15N of 2.4 o/oo. Following this there was an 
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Figure 3.13: Changes in the δ15N values of POM at the Top of the Dam.
Tributary Start Date Average 
δ15N (o/oo)
Replication 
# 
(n)
Ending Date Average 
δ15  (o/oo)
Replication# 
(n)
NB 5/28/15 -2.5 3 6/12/15 -7.7 1
SB 5/28/15 1.3 3 6/12/15 -5.3 3
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enrichment period, reaching its peak of 5.4 o/oo on 5/26/15. Lastly the study period ended 
with a period of depletion, with δ15N values dropping to 4.3 o/oo. The δ15N of the POM 
measured in the tributaries and the Deep Hole can be seen in Table 3.3. Raw Data can be 
found in appendix X.
Table 3.3: δ15N values of POM in the tributaries to Nequasset Lake.
Site Date Start δ15N POM 
Start
Date End δ15N POM 
END
Change in 
δ15N
DHS 6/12/15 1.3o/oo 11/14/15 6.4
o/oo + 5.1
o/oo
DHD 6/12/15 2.0o/oo 11/14/15 3.4
o/oo + 1.4
o/oo
GB 6/12/15 2.1o/oo N/A N/A N/A
NB 5/28/15 2.1o/oo 6/18/15 3.8
o/oo + 1.7
o/oo
SB 5/28/15 1.9o/oo 6/18/15 2.2
o/oo + .3
o/oo
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4.0: Discussion
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4.1: Alewife Nutrient Loading 
 An estimate of the marine derived nitrogen inputs can be determined using the daily 
count of fish entering the lake. These values stem from two possible sources; nitrogen input 
through excretion, and nitrogen input through carcass decay (Durbin et al., 1979; Walters et 
al., 2009). Parameters taken from previous literature were used in the equations presented 
by Walters et al. (2009). 
 Marine derived nitrogen inputs due to excretion were calculated using the equation: 
(Walters et al., 2009)
Alewife excretion rate has been measured to be 0.003952 gFish-1h-1 through nitrogen 
concentration monitoring in a controlled holding tank at Bride Brook, Connecticut (Post 
and Walters, 2009). Residence times (h) at Nequasset Lake were determined to be 504 
hours, or two weeks (Willis, 2012). Total marine derived nitrogen inputs due to excretion 
were calculated to be approximately 252 kg N.
 Carcass inputs of nitrogen yielded 282 Kg N during the observed fish run, calculated 
as follows: 
(Walters et al., 2009)
Values for percent mortality during alewife migrations have been previously estimated 
to be 56% (Post et al., 2010). Nutrient content per fish, with respect to nitrogen, can 
be attributed to 2.49% of the average fish wet mass, 160g, yielding approximately 
3.99g NFish-1 (Durbin et al., 1979; Walters et al., 2009). Nitrogen inputs due to carcass 
decomposition were estimated at 282 Kg. 
 Total inputs of nitrogen due to the 2015-alewife migration at Nequasset were 
calculated at 534 Kg g of nitrogen into the system (Table 4.1).
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ×  Fish Count ×  Residence Time 
 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = % 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ×  Fish Count ×  Fish Nutrient Content 
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4.1.1: Daily inputs of MDN
 Daily marine derived nitrogen inputs displayed 
considerable variability day-to-day based on the daily 
fish run size (Figure 4.1). Predicted nitrogen inputs 
ranged from a minimum of 50.7 g on the first day 
of the alewife run, 5/7/15 to 77 Kg on 6/1/15, the 
day with the largest movement of fish up the ladder. 
Despite large amounts of nitrogen predicted to be 
deposited by fish, Nequasset Lake’s large volume 
dilutes these inputs to negligible values of 3.82 x 10-9 
ppm to 5.83 x 10-6 ppm each day during the fish run, 
well below detection on the Ion chromatograph. 
                                      Nitrogen
Excretion Inputs (Kg) 252 
Carcass Inputs (Kg) 282, 
Total Input (Kg) 534 
Lake Volume (m3) 13268654
Total Influx into Lake 
(ppm)
.0402 x 10-5
Mean Daily Influx into 
Lake (ppm)
1.03 x 10 -6
Table 4.1: MDN inputs during the 2015 
Alewife Migration
Date
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Figure 4.1: Marine derived nutrient inputs per day, during the 2015 fish run. These values are a 
combination of both inputs due to excretion and inputs due to carcass decay (Walters et al., 2009).
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4.1.2: Nutrient Concentration and Primary Production 
 Phytoplankton growth in Nequasset Lake is originally limited by phosphorus 
concentrations, however during the fish run nitrogen becomes the limiting nutrient. During 
the migration it is expected that MDN provides the source nitrogen for photosynthesis, 
however input concentrations are not large enough to move the system out of nitrogen 
limitation. Phosphorus concentrations measureable during periods of low nitrogen 
concentration are likely due to periodic stops in photosynthesis, when no nitrogen is 
present so phosphate is not removed from the system (Ewing, Personal Communication). 
When nitrate returns to the system during these dates, phosphate concentrations are 
reduced as photosynthesis begins again (Figure 3. 10).
4.2: Changes in δ15N Nitrate 
 The changes in the biogeochemical cycling of nitrogen is represented by changes in 
the δ15N values throughout the study period. At the top of the dam δ15N values of both 
the nitrate and the POM were compared to the concentrations of chlorophyll, nutrient 
concentration, temperature, and fish count in order to attribute the changes in δ15N to 
specific geochemical cycling events (Figure 4.3). 
 Three periods of change were identified during the study period. First, a period with 
geochemical changes dominated by changes in the spring bloom of algae and phosphorus 
limitation, from 5/1/15 through 5/15/15. The second period corresponds to a period of 
nitrogen limitation causing a change in nitrogen sourcing from internal lake nitrogen to 
MDN, from 5/15/15 to 6/2/15. The final period represents a third unexplained shift in 
nutrient cycling when measureable nitrogen concentrations return to the system, from 
6/2/15 to 6/8/15. These three “Phases” are all indicative of internal changes in nitrogen 
sourcing and cycling within the Lake. 
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Figure 4.2: Overview of the geochemical processes occurring at the TOD during the 2015 study period. 
The Three Phases of proposed nutrient cycling dynamics are outlined at the top of the graph. A) 
δ15N measurements of both nitrate (Black), and POM (White). B) Δ(δNitrate-δPOM) C) Chlorophyll 
concentrations. D) Concentrations of nitrate (Black) and phosphate (White). E) Daily fish passage 
over TOD
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4.2.1: Phase One: Spring Bloom
 Nitrogen cycling dominated by the effects of the spring bloom, evidenced by 
increases in chlorophyll concentration during the early spring, from 5/1/15 to 5/26/15, 
was only apparent from 5/1/15 to 5/15/15. This is indicative in both a depletion of the δ15N 
of nitrate and an enrichment of δ15N in particulate organic matter. 
 The δ15N of nitrate began with an enriched signal, the most enriched signal of the 
entire study period, of -0.6 o/oo. This enriched nitrate signal during the early season likely 
stemmed from spring mixing, where deeper nutrient rich water, which is enriched in δ15N 
nitrate values, is brought to the surface. During the winter, when the surface of Nequasset 
Lake is sealed from the atmosphere due to ice cover, temperature decreases within the lake 
and photosynthesis stops. During this period respiration by microbes at the bottom of the 
lake consumes settling plankton, decreasing dissolved oxygen concentrations at depth. If 
occurring at a high rate, respiration will create anoxic waters in deep waters. This event 
was observed at Nequasset in October, 2012 (Chiao et al., 2013) and is assumed to continue 
annually. Denitrification, triggered by the presence of anoxic conditions, converts available nitrate to N2 gas. Since nitrogen gas produced by denitrification is isotopically depleted in 15N, nitrate remaining after denitrification is isotopically enriched (Kendall and McDonnell, 
1998). During spring mixing, the enriched nitrogen is brought to the surface, leading to 
enriched signals at the Top of the Dam. 
 Following the spring mixing event, primary production, in periods of phosphorous 
limitation, primary production uses nitrate for photosynthesis. This drives changes in 
δ15N  of both nitrate and POM. In normal growth conditions, photosynthesis selects for 
the heavier isotopes of nitrogen. This process depletes the residual nitrate as the heavier 
compounds are drawn out of the water column and assimilated into the biomass (Kendall and McDonnell, 1998). 
 Levels of primary productivity increase throughout Phase One, as evidenced by 
increasing concentrations of chlorophyll present in the water column (Figure 4.3.C).  
During this time, from 5/1/15 to 5/8/15, δ15N within the POM becomes enriched in 15N. 
This enrichment, which coincides with the depletion of δ15N in the nitrate, provides strong 
evidence of the transfer of enriched nitrate from the water column into aquatic plant 
matter. 
 The period of  δ15N depletion of POM from 5/8/15 to 5/15/15 likely is due to a 
shifting of source nitrogen from the enriched nitrogen brought up by spring mixing to more 
depleted freshwater sources. As enriched nitrogen is removed from the system, nitrogen 
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concentrations begin to fall (Figure 4.3.D). Eventually, nearly all of the denitrification-
derived nitrate will be removed from the system, leaving relatively depleted nitrate within 
the water column. Since photosynthesis continues to occur, more depleted nitrogen 
becomes the form incorporated into the biomass. This depletes theδ15N of the organic 
matter, despite continuingly high rates of primary production (Figure 4.3.B).  
4.2.2: Phase Two: Marine Derived Nitrogen
 During Phase Two, MDN, an additional source of nitrate is introduced into the lake, 
leading to an enrichment of nitrate measured at the Top of the Dam. Primary production 
continues to dictate changes in δ15N of POM. During Phase Two a period of nitrogen 
limitation begins, introducing phosphate into the system (Figure 4.3.D). As δ15N of nitrate 
enriches, with increased levels of MDN bring enriched nitrate into a limited pool, the δ15N of 
POM will also enrich, as selection for 15N during photosynthesis resumes.  
  After alewife excretion, carcass decomposition, and gamete decomposition, enriched 
nitrogen enters the water column (Walters, 2009), driving δ15N values of the nitrate up. 
From 5/15/15 through 6/2/15, δ15N experiences a period of enrichment, coinciding with 
increasing populations of migrating alewives. This trend is seen throughout Phase Two, 
with peak days of nitrate enrichment occurring around the time of the highest fish counts 
(Figure 4.3.A:E). For primary production to occur in a limited nitrate pool, it must select 
for any nitrate present in the system, which at this time must be sourced from MDN. The 
result of the assimilation of MDN is seen in the enrichment of δ15N POM during this time 
(Figure 4.3.A). This event has also been observed at Bride Brook, Connecticut, where a 1.5o/
oo enrichment of POM δ15N occurred under an alewife run size of 68,757 fish (Walters et al., 2009).
 An assessment of the difference in fractionation (Δ) between δ15N nitrate and 
δ15N POM provides evidence of nitrogen sourcing for organic matter from the MDN-
enriched nitrate. From 5/1/15 – 5/10/15 a difference in the fractionation of assimilation (δ15Nnitrate- δ15NPOM) is observed (Figure 4.3.B). After 5/10/15, values for Δ
nitrate-POM
 
plateau. Constant Δ values signify that POM is enriching at the same rate as nitrate. 
This event also occurs coincidentally with the onset of nitrate limitation and ends when 
concentrations return, supporting the idea that during limitation, MDN is being used for 
photosynthesis (Figure 4.3.B:D). 
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 This interpretation assumes negligible contributions of other sources of δ15N-
enriched nitrogen possibly influencing the lake. No anthropogenic sources of enriched 
nitrogen are entering the system due to water quality controls by the Bath Water District. 
Throughout Phase Two concentrations of chlorophyll continue to rise, signifying increasing 
levels of primary production, which should contribute to a depletion of δ15N in nitrate if 
utilizing indigenous or non-MDN sourced nitrogen. Constant Δ values during this time 
also support MDN uptake. The third factor measured, which may have an influence on the 
changes of δ15N nitrate in the lake, is the introduction of precipitation, likely from the larger 
storm events on 5/19/15 and 6/2/15. Precipitation could change δ15N nitrate by either 
diluting the present nitrate in the water or introducing more enriched nitrate to the system. 
However, no changes in nitrate concentrations were seen during this period, likely due to 
low concentrations of nitrate in rainwater (Figure 4.3.D)(Kendall and McDonnell, 1998).
4.2.3: Phase 3: End of Study Depletion
 From 6/2/15 through 6/8/15, the final week of study, the most depleted nitrate 
values levels are seen (-11.6 o/oo). Nutrient dynamics in the lake once again switch, with 
measureable levels of nitrate and phosphate limitation returning to the system. δ15N values 
of POM are depleted, relative to the end of Phase Two. Reasons for the δ15N depletion of 
nitrate are unknown, however are most likely based in natural geochemical cycling within 
the lake. Changes in MDN deposition can be ruled out, since migratory populations are 
present during this period, bringing in enriched MDN. Primary productivity seems to be 
decreasing, as evidenced by the decreasing concentration of chlorophyll within the lake 
starting on 5/25/15 (Figure 4.3.C), which should also cause an enrichment of nitrate as 
photosynthesis removes less MDN from the water column. 
 Depletion due to rainfall represents a possibility, since this depletion occurs just 
after the largest rainfall event on 6/2/15. However, depletion of nitrate due to rain in this 
part of the world is unlikely and concentrations of nitrate in rainwater are dilute. Studies of 
the δ15N of nitrate in precipitation have shown that levels within precipitation likely range 
from -15 to +3o/oo, with mean levels at approximately +1o/oo (Kendall and McDonnell, 1998; 
Peterson and Fry, 1987). These values are expected to vary, causing site specific changes, 
due to seasonality, pollution effects, such as coal burning (+6 to +9 o/oo) and automobile 
exhaust (-13 to -2 o/oo), tree canopy presence and vegetation type (Kendall and McDonnell, 
1998). With Maine located downwind of air pollution sources in the Midwest USA, granting 
it’s less than endearing nickname as the “Tailpipe of the United States” (Johnson, 2016), nitrate δ15N levels are expected to be more enriched.
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 The return of measureable concentrations of nitrate suggests that an influx of 
isotopically depleted nitrate is occurring. Due to the BWD controls on water quality from 
the BWD this nitrate would not be due to an outside pollutant, which would likely enrich 
the nitrate if introduced. This suggests that the return of depleted nitrate to the system is a 
result of internal nutrient dynamics. 
4.3: Comparison to Past δ15N Levels
 Data compiled from two past studies at Nequasset done by Chiao (2012) and 
Cunningham (2013) were analyzed for comparisons in geochemical cycling and nitrogen 
isotope ratio changes during past alewife runs. Raw data were provided by Dr. Beverly 
Johnson of Bates College, and can be found in appendix X (2012) and appendix X (2013). 
4.3.1: 2012 
 The observed fish count of 2012 lasted from 5/6/15 to 6/3/15, with a total 
migration of 29,916 fish migrating over the dam (Chiao, et al., 2013; KELT, 2015). During 
this period δ15N of nitrate at the Top of the Dam showed varying changes of depletion 
and enrichment (Figure 4.4.A). Particulate organic matter samples from this year were 
too few, and were measured at too low of a nitrogen yield, for viable results of δ15N POM. 
Concentrations of chlorophyll during the study period show constant decline, suggesting 
the end of an algal bloom similar to that seen in 2015 (Figure 4.4.B). Concentrations of 
nitrate show similar trends in 2012 to 2013, with decreasing concentrations in the early 
portion of the study period, followed by a period of depletion. 
 Peak migratory days for alewives in 2012 occurred on 5/22/13 and 5/24/13, with 
respective migrations of 2304 and 1848 fish. Leading up to this period measured level of 
δ15N shows depleting trends, similar to Phase One of 2015, as more enriched nitrogen 
is incorporated into the biota by biology. The presence of measurable concentrations of 
chlorophyll in the system suggests that primary production is occurring, but slowing down. 
 Peak migratory days also coincide with the nitrate limitation period (Figure 4.4.C), 
similar to what occurred in 2015. Although limitation does not occur throughout the 
entirety of the enrichment period, decreasing trends of nitrate suggests the drawing of 
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Figure 4.3: Overview of the geochemical processes occurring at the TOD during the 2012 monitoring 
period. A) δ15N values of nitrate. B) Chlorophyll Concentrations. C) Nitrate and nitrite concentrations. 
Considered to be predominantly Nitrate, since nitrite is quickly converted to nitrate. D) Phosphate 
concentrations. E) Daily fish passage over TOD.
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source nitrate from the fish migration. This represents the transition to MDN sourced Phase 
Two. Like 2015, at this time, measurable concentrations of phosphate are observed at the 
Top of the Dam (Figure 4.4.D)
Following the enrichment period, concentrations of nitrate begin to increase after 
the fish count concludes. Like, 2015, the increased concentration of nitrate at the end of 
the study period coincides with a depletion of δ15N nitrate. The consistency of this event 
suggesting a similar biogeochemical cycling process during what was identified as “Phase 
Three” in 2015. 
4.3.2: 2013
 The 2013 fish count began on 4/30 and continued until 6/7, with a total migration 
of 41,565 fish (Cunningham, 2014; KELT, 2015). The highest concentration of fish passage 
over the dam occurred from 5/8 to 5/21, accounting for 86% of the total run (Figure 4.5.F). 
Variability of δ15N nitrate during the study period of 2013 displayed an early period of 
depletion, middle enrichment, and final depletion (Figure 4.5.A). The δ15N POM recorded 
in 2013 also shows variability, with a large period of depletion, ending on 5/29, followed 
by consistent enrichment (Figure 4.5.A). Evidence of an algal bloom is present in data 
from 2013, with a large spike in chlorophyll concentrations occurring between 4/25 and 
5/15 (Figure 4.5.C). Nitrate and nitrite show decreasing trends from 4/25 to 5/7, where 
limitation was reached from 5/8 to 5/11 (Figure 4.5.D). Sporadic limitation continues 
until 5/18 with no measured concentrations of nitrate and nitrite reaching over 0.01ppm. 
Phosphate was only measured on two days and no trends could be derived. Following the 
depletion period a spike of nitrate and nitrite is observed, reaching a maximum of 0.0612 
ppm on 5/24. 
 Unique to 2013, the onset of peak migratory days occurs near-coincidentally with 
the peak of projected spring bloom. This provides a possible explanation for δ15N depletion 
of POM during the peak migratory days, as high productivity rates reduce selectivity for the 
heavier isotope (Kendall and McDonnell, 1998). This is supported by δ15N nitrate depletion 
during this period. Following this, as chlorophyll concentrations begin to decline but the 
alewife migration numbers remain elevated, δ15N nitrate levels first plateau, and then 
enrich, signifying the switch from internally derived nitrate to MDN. Limitation of nitrate 
supports this, suggesting that no other external nitrate is entering the system. The δ15N for 
POM behave differently than previous years, with δ15N POM depleting while δ15N nitrate 
is enriching. This change, seen in Δ
nitrate-POM
 values, suggests that the source nitrogen for 
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Figure 4.4: Overview of geochemical processes occurring at the TOD during the 2013 monitoring period. 
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assimilation into the POM is different than nitrate present in the water column during 2013 
(Figure 4.5.B). 
 Following the alewife migration the influx of nitrate and nitrite coinciding with a 
depletion of δ15N nitrate at the Top of the Dam. This is once again indicative of the unknown 
source of biogeochemical cycling responsible for Phase Three depletion of both 2012 and 2015. 
4.3.3: Year-to-Year Assessment of MDN Influences
 A comparison of all three years suggests that the nutrient dynamics of Nequasset 
Lake show relative consistency in respects to nitrogen cycling during the alewife migration. 
Most evident in changes in δ15N values of nitrate, similar trends occur each year, indicative 
of three major cycling events; the spring bloom, influxes of MDN, and an unknown natural 
nitrogen cycling event (Figure 4.6). 
 The key indication of difference between monitored years seems to be the amplitude 
of change between phases, and the size of the corresponding fish run. Initial values for 
δ15N nitrate at the beginning of each studied year at Nequasset show roughly similar 
values, ranging from -1.2 to 0.0 o/oo. 
Changes in Phase One depletion seem to correlate with the size of spring bloom, 
evidenced by chlorophyll concentrations. 2012, when study began after the onset of the 
spring bloom, showed the least variability in δ15N nitrate during this phase. On the other 
hand, 2013 and 2015 showed increasing amplitudes of change between initial δ15N nitrate 
values and δ15N nitrate values at the end of Phase One as peak concentrations of chlorophyll 
increased. This change in chlorophyll concentrations, with increasing concentrations 
through the years, seems to be a function of the previous year’s alewife run size as well. 
Since 2012, each subsequent year has seen an increase in alewife migration population 
entering the lake. This would suggest an increase in nitrogen deposited into lake as MDN 
during the season.
Amplitude of enrichment during the Phase Two marine derived nutrient-dominated 
period of nitrogen cycling seems to be a direct influence of alewife run size. Since nitrate 
present in the water column is most likely sourced from alewife-derived sources, evidenced 
by low concentrations of nitrate and nitrite in 2012-13 and nitrate limitation during 
2015, high fluxes of fish would be expected to bring higher fluxes of enriched MDN. As fish 
populations increase, δ15N ratios within the water will be driven up as more 15N is deposited 
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into the water. With the exception of 2013, where nitrogen sourcing of POM is likely drawn 
from a different source, this change in δ15N influxes would be expected to carry over into 
the POM as well. If expanded into the higher trophic levels, as seen in the Bride Brook 
Studies(Walters et al., 2009), with increasingly large fish runs, more incorporation of the 
MDN into the food web will occur in 2015 relative to the other two years.
 Since the cause of the δ15N depletion during Phase Three is unknown, it cannot 
be attributed to the change in alewife population size. However, differences in the total 
depletion suggest that difference in alewife run size influence the amplitude of change with 
each year. It is suggested that future study be focused on sourcing this change to better 
understand the dynamics of the lake. 
4.4: Results of the Fish Ladder Restoration
 Changing dynamics of nitrogen cycling and MDN incorporation at Nequasset Lake 
suggest that increased nutrient cycling will occur post-fish ladder restoration, as more 
fish will be able to reach the Top of the Dam. The durability of the metal dam allows for 
longer fish passage, since the previous wooden dam had an inclination for damage with 
prolonged exposure (KELT, 2016). With the onset of more lake accessibility to the alewife, 
increasing migratory trends will be expected in the future as juvenile populations grow to 
reproductive age. This will continue to add more MDN to the system during the adult run, 
and remove nutrients as YOY leave the system to enter the ocean, continuing the cycling 
process at Nequasset.  
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Figure 4.5: Changes in values of δ15N of nitrate throughout the 2012 (circles), 2013 (white circles) and 
2015 (triangles) study periods. Note similar trends of change, however amplitude of change increases 
with each year.
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 Some issues with the new dam renovation were identified in the base of the ladder, 
leading to higher harvest rates and decreased accessibility to the lake. This was evidenced 
by higher harvest rates and lower fish counts in 2015 than in 2014 (Table 4.2). Despite 
having a larger total fish run of approximately 31,965 fish, 2015 observed 24,555 less fish 
entering Nequasset Lake at the top of the dam.  Harvest records on the other hand show an 
increase in harvested bushes by 471 bushels. This suggests that new changes in the bottom 
of the dam due to the renovations have shifted likely fish passage routes from up the ladder 
to the harvest zone. It would be suggested that a re-evaluation of the concrete structure at 
the bottom of the dam be considered to redirect more fish into Nequasset Lake, furthering 
alewife population restoration. 
 Despite this flaw in the bottom of the dam, the restoration seems to be a success 
on the whole, allowing for more fish to enter the lake than the previously studied years. 
Increased cycling of nitrogen in Nequasset Lake suggests an increased influence of MDN 
due to the alewives, likely restoring a diminished allocthonous source of nitrogen to the 
lake with each oncoming year. 
Table 4.2: Difference in fish harvest yields and fish over the ladder between 2014 and 2015 (KELT, 2015). 
It is believed that a change in the bottom of the ladder during the restoration is causing more fish to 
enter the harvest zone rather than the ladder.
Year Fish over Dam Bushels Harvested
2014 150,950 9782015 126,395 1,449
4.5.1: Natural and Economic Benefits of a Restored Ladder
 The effects of a restored fish ladder at Nequasset suggest the benefits of providing 
circumnavigation routes for anadromous fish in the northeast in two ways; increased 
internal nutrient cycling and restoration of Atlantic fisheries. Increased nutrient cycling 
in Nequasset Lake suggests a replenishment of the allocthonous sources of nitrogen to a 
freshwater environment, renewing the diminished or lost sources observed at Bride Brook 
and other alewife influenced systems (Twining et al., 2013). 
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4.5.1.1: Environmental and Economic Benefits  
External effects of Nequasset are an effect of increased stream accessibility 
as spawning grounds. Increased spawning habitat will allow for increasing alewife 
populations in the North Atlantic. Being the baitfish for some higher order predators, such 
as Atlantic tuna and cod, restoration efforts like this may work to increase commercial fish 
populations that have observed declining numbers in recent years. As a major economic 
resource for coastal communities, and international food source, restoration of these 
fisheries would have incredible benefits to human life, as well as a restoration of apex 
predators to damaged food webs in the north Atlantic (Steneck et al., 2004).
4.5.: Risks of Increased Nitrogen Imports
 Public concerns on increased nitrogen concentrations and its effects on human 
health, such as the onset of blue baby syndrome, may provide a barrier to these 
renovations. However, at Nequasset measurable concentrations of nitrate are well below 
the recommended EPA safety parameters (10 ppm), never exceeding 0.46 ppm (EPA, 2016). 
Also, due to the large reservoir size of Nequasset Lake, total nitrogen inputs due to the 2015 
alewife migration are low, measuring at 4.03 x 10-5 ppm. Even at maximum historic run size 
(400,000 fish), MDN inputs would only account for an influx of 1.3 x 10-4 ppm, which when 
added to modern peak nitrate levels still remains well below measured safety parameters.  
This suggests that despite the influx of allochthonous nitrogen, without consideration of 
YOY exports, MDN will not cause noticeable increases in nitrogen concentration within 
eutrophic freshwater lakes of similar size. 
 Concerns of fish kills related to winter anoxia as a result of larger spring blooms 
may pose future concerns for alewife-influenced lakes. At Nequasset, despite the export 
of nutrients by YOY, there has been increased concentrations of chlorophyll measured in 
correlation with increasing sizes of alewife migrations, with approximately double the 
concentration measured in 2015 than 2013. This is likely due to an increase in nitrogen 
availability, with initial nitrate concentrations increasing to 0.47 ppm from approximately 
0.05 ppm between these years. Increased algal biomass, as a product of larger nutrient 
pools, may drive growing areas of the winter anoxic zone in affected lakes. This is especially 
pertinent to smaller lakes, where MDN provides a larger impact to the nitrogen budget, 
as well as unmonitored lakes that are already at risk of large-scale eutrophication. Winter 
anoxic zones provide a significant risk to cold-water fish, such as the brook, brown, lake, 
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and rainbow trout, land locked salmon, and rainbow smelt, that spend winter months in the 
cooler bottom water, closer to the anoxic zone (Johnson, 2016). In future years, this change 
in oxygen concentrations may drive fish kills of these species during winter months. 
  Due to the environmental and economic importance of anadromous fish migrations, 
local anthropogenic sources of nitrogen should be reduced, and controlled, with larger 
incoming alewife populations. This will allow for increased water quality in affected 
lakes, decreased risk of eutrophication, and a preservation of alewife passage, despite the 
increase in measurable nitrogen. 
4.6: Future Work
 If this study were reproduced in the future, a more complete analysis of δ15N nitrate and δ15N POM should be assessed throughout the lake. This includes increased sampling 
at the Top of the Dam, as well as more regular and increased sampling at each tributary. It 
would also be suggested that an increased number of samples be taken at each location in 
the case of sample loss in the lab.  This will allow for reproducibility and a better analysis in 
the end, as well as a complete assessment of all incoming sources of δ15N change.
Nutrient concentration sampling that occurred at the Top of the Dam should also 
be expanded to the tributaries, ensuring that no other sources of nitrate are entering the 
Nequasset waters. This may also work to explain the increased concentration of nitrate at 
the onset of Phase Three, and the final depletion of δ15N nitrate observed in throughout the 
studied years. 
 Lastly an expansion of the fish run until a visible conclusion of fish movement 
should be implemented. This would not only allow for better results in terms of MDN fluxes 
but would also better display the effects of the new fish ladder on migration sizes. 
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5.0.0: Conclusion 
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 Alewife population growth has been observed at Nequasset Lake with each year. This is 
good news for both the local fisherman and marine predators that rely on alewives for food. This 
increase in population size has also had an effect on nitrogen cycling within Nequasset Lake. 
Increasing numbers of fish were determined to have an increasing effect on the nitrogen cycling 
in Nequasset Lake.
 Three main phases of cycling were identified in all three monitoring years. The first phase, the 
spring bloom, causes a depletion of δ15N from a pool that had been previously enriched during 
the winter anoxic period, while driving nitrate concentrations down. Coincidental with the onset 
of the alewife migration, nitrate limitation is observed in Nequasset Lake. The low concentration 
of available nitrate drives the uptake of MDN into the local biota, which becomes the source of 
nutrients required for photosynthesis at this time. This is evidenced by a depletion of δ15N values 
within nitrate and an enrichment of δ15N in POM. After peak migratory days, a new unknown 
source of depleted nitrate is introduced into the system, depleting the δ15N signatures of both 
water nitrate and POM. 
 Year-to-Year comparison of data collected in 2012, 2013 and 2015 has determined that 
with increasing alewife populations, increasing amplitudes of each phase change occurs. Also, 
between 2013 and 2015 post-winter nitrate concentrations have increased by a magnitude of 10 
and concentrations of chlorophyll at the peak of the spring bloom has doubled. The correlation 
of this with increasing migratory numbers may suggest a connection between alewife migration 
and primary productivity. Further study and monitoring is suggested to ensure that increasing 
nitrogen loads within the lake, as well as increasing algal biomass, do not reach threatening 
levels for both humans and local wildlife. 
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Appendix A: Chlorophyll
Date Chlorophyll (ug/L)
5/1/2015 0.336561
5/3/2015 1.720502
5/10/2015 3.7291
5/15/2015 5.795586
5/26/2015 7.79476
6/2/2015 5.78347
6/8/2015 1.777044
LXXIX
Appendix B: Air and Water Temp
Date Water tem std dev Air temp std dev n
5/1/2015 8.950617 1.018519 9.876543 2.704274 9
5/2/2015 10.37037 1.147551 13.7963 6.482804 6
5/3/2015 9.722222 0.32075 12.59259 1.05165 4
5/4/2015 9.513889 0.196419 11.38889 2.990837 8
5/5/2015 11.2963 0.836414 10.83333 1.250514 6
5/6/2015 11.52778 0.826693 10 5.185599 8
5/7/2015 12.61905 1.387566 12.96296 7.976487 7
5/8/2015 12.31481 0.912359 16.01852 0.779699 12
5/9/2015 12.5 0.296957 17.87037 3.333333 8
5/10/2015 12.77778 0.351364 19.72222 0.573775 6
5/11/2015 12.77778 0.296957 21.01852 1.101146 8
5/12/2015 13.18519 0.852082 22.31481 3.712951 15
5/13/2015 14.04762 1.07701 21.38889 1.187828 14
5/14/2015 13.33333 1.22838 20.27778 4.288946 10
5/15/2015 14.39815 2.071374 19.81481 5.700754 12
5/16/2015 13.65079 0.542167 19.25926 1.459829 7
5/17/2015 16 2.304049 19.44444 3.347193 5
5/18/2015 15.23148 0.602014 20.18519 2.374319 12
5/19/2015 13.33333 1.92E-15 20.37037 2.287404 12
5/20/2015 13.65741 0.646945 20.74074 1.32866 10
5/21/2015 15.66667 1.848144 18.51852 2.219134 9
5/22/2015 15.69444 0.37037 16.57407 3.216843 10
5/23/2015 15.16667 1.310766 16.38889 2.12439 11
5/24/2015 15.05051 0.840875 16.01852 4.253473 13
5/25/2015 14.70085 0.772981 16.11111 3.91778 10
5/26/2015 14.27778 0.457374 16.2037 4.895688 6
5/27/2015 15.37037 1.034388 17.77778 2.427975 10
5/28/2015 16.27778 1.435633 19.16667 3.997599 2
5/29/2015 19 17.5 9
5/30/2015 18.64198 0.740741 15.74074 3.806445 10
5/31/2015 16.5 0.69537 16.38889 3.045156 2
6/1/2015 14.44444 0 17.87037 0.392837 6
6/2/2015 12.96296 0.286888 19.81481 0.496904 7
6/3/2015 13.4127 0.747325 20.83333 1.769325 10
6/4/2015 15.55556 0.907218 22.87037 2.830366 6
6/5/2015 15.27778 0.464811 23.51852 2.503085 2
6/6/2015 15.55556 0 21.38889 0 4
6/7/2015 16.38889 0.555556 18.61111 2.245251 6
6/8/2015 15 0 15.92593 1.638653 8.210526
6/18/2015 21.15 14.25926
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Appendix C: NCDC Data Sheets
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Appendix D: Flow and Discharge
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Appendix E: Hydrolab Data
Location Date Time Depth (cm) Temp (Cel.) SpC (mS/cm) DO (ppm) pH Notes
TOD 28-Apr 13:25 20 8.57 0.039 11.37 6.79 
TOD 29-Apr 12:30 20 12.36 0.042 8.39 7.46 
TOD 1-May 12:10 20 10.39 0.04 10.89 6.81 
TOD 3-May 12:55 20 9.54 0.04 10.8 6.25 
TOD 6-May 12:45 20 12.68 0.04 10.27 6.63 
TOD 7-May 14:15 20 12.83 0.041 9.57 6.31 
TOD 8-May 12:50 20 14.35 0.041 10.51 6.02 
BOD 8-May 13:30 30 13.88 0.041 10.43 6.17 
TOD 10-May 12:58 30 13.78 0.041 10.31 6.11 
TOD 12-May 12:35 20 15.23 0.041 9.91 6.13 
TOD 14-May 12:21 20 17.31 0.042 9.81 6.4 
TOD 15-May 12:20 20 15.19 0.041 10.26 6.41 
TOD 18-May 12:35 20 16.89 0.041 10.02 5.84 
TOD 5/20/2015 12:20 30 15.5 0.041 9.76 6.62 
TOD 5/21/2015 12:50 20 15.51 0.045 9.71 5.86 
TOD 26-May 14:40 20 16.58 0.042 9.63 6.05 
TOD 5/27/2015 12:05 20 17.42 0.042 9.29 6.1 
NB 5/28/2015  0 21.47 0.058 6.51 6.16 
TOD 6/2/2015 12:33 20 14.77 0.062 8.73 6.22 
TOD 6/4/2015 12:20 20 17.23 0.043 9.02 6.47 
        
DH 13-May  surface 14.1 0.039 11 6.25 
LXXXV
Location Date Time Depth (cm) Temp (Cel.) SpC (mS/cm) DO (ppm) pH Notes
DH 13-May  100 14.08 0.039 10.56 6.3 
DH 13-May  200 14.03 0.039 10.56 6.32 
DH 13-May  300 13.78 0.039 10.51 6.31 
DH 13-May  400 13.69 0.039 10.59 6.3 
DH 13-May  500 13.09 0.039 10.53 6.27 
DH 13-May  600 12.35 0.039 10.59 6.2 
DH 13-May  700 12.06 0.039 10.55 6.19 
DH 13-May  800 12.02 0.039 10.56 6.17 
DH 13-May  900 8.63 0.039 10.79 6.11 
DH 13-May  1000 8.4 0.039 10.66 5.99 
DH 13-May  1100 8.16 0.039 10.68 5.94 
DH 13-May  1200 7.89 0.039 10.6 5.9 
DH 13-May  1300 7.75 0.039 10.51 5.88 
DH 13-May  1400 7.6 0.038 10.44 5.86 
DH 13-May  1500 7.5 0.038 10.36 5.84 
DH 13-May  1600 7.18 0.038 10.38 5.82 
DH 13-May  1700 7.1 0.038 10.18 5.65 
DH 13-May  1800 7.03 0.089 8.32 5.79 Hit Bottom
DH 28-May  0 18.8 0.04 9.58 6.2 
DH 5/28/2015  100 18.67 0.04 9.55 6.2 
DH 5/28/2015  200 18.68 0.04 9.59 6.25 
DH 5/28/2015  300 18.66 0.04 9.56 6.25 
DH 5/28/2015  400 16.66 0.039 9.7 6.16 
DH 5/28/2015  500 16.15 0.04 9.6 6.11 
LXXXVI
DH 5/28/2015  600 12.77 0.04 9.4 5.9 
DH 5/28/2015  700 10.23 0.04 9.45 5.78 Water Samples Taken
DH 5/28/2015  800 9.23 0.041 9.42 5.67 
DH 5/28/2015  900 8.6 0.042 9.24 5.54 
DH 5/28/2015  1000 7.81 0.038 9.16 5.5 
DH 5/28/2015  1100 7.7 0.039 9.12 5.45 
DH 5/28/2015  1200 7.58 0.039 9.09 5.44 
DH 5/28/2015  1300 7.46 0.039 9.1 5.42 
DH 5/28/2015  1400 7.39 0.038 9.07 5.44 
DH 5/28/2015  1500 7.32 0.038 9.02 5.4 
DH 5/28/2015  1600 7.3 0.039 8.9 5.39 
DH 5/28/2015  1700 7.25 0.038 8.89 5.38 
DH 5/28/2015  1800 7.17 0.038 N/A 5.74 
        
NB 13-May  0 16.14 0.052 7.22 6.53 
NB 28-May  0 21.47 0.058 6.51 6.16 
        
GB 13-May  Surface 15.23 0.041 8.86 6.22 
        
SB 13-May  0 13.43 0.078 9.65 6.39 
SB 5/28/2015  0 20.66 0.081 9.67 6.43 
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Appendix F: Fish Count
Day Total Fish Var SE df 95% LCI 95% UCI
5/1 0 0 0 8 0 0
5/2 0 0 0 5 0 0
5/3 0 0 0 3 0 0
5/4 0 0 0 7 0 0
5/5 0 0 0 5 0 0
5/6 0 0 0 9 0 0
5/7 12 132 11.489 6 -16 40
5/8 42 778.909 27.909 11 -19 103
5/9 294 3192 56.498 7 160 428
5/10 98 2802.8 52.941 5 -38 234
5/11 3927 4211103 2052.097 7 -925 8779
5/12 3394 1182152 1087.268 14 1062 5726
5/13 2706 394488.5 628.083 13 1349 4063
5/14 731 89931.71 299.886 9 52 1409
5/15 1204 110085.8 331.792 11 474 1934
5/16 696 51040 225.92 6 143 1249
5/17 134 16988.16 130.339 4 -227 496
5/18 3864 1520064 1232.909 11 1150 6578
5/19 1344 939708 969.385 6 -1028 3716
5/20 2695 699960.5 836.636 11 854 4536
5/21 1638 194388.1 440.895 9 641 2635
5/22 1223 60219.44 245.397 8 657 1789
5/23 924 37572.27 193.836 9 486 1362
5/24 1680 1375798 1172.944 10 -933 4293
5/25 2669 1226914 1107.661 12 255 5082
5/26 5552 3716125 1927.725 9 1192 9913
5/27 4242 5454649 2335.519 5 -1762 10246
5/28 2176 666693.6 816.513 9 329 4023
5/29 14238 43533882 6598.021 1 -69598 98074
5/30 4732 2258200 1502.731 8 1267 8197
5/31 6250 3409987 1846.615 9 2072 10427
6/1 18312 32793768 5726.584 1 -54451 91075
6/2 2114 1799361 1341.403 5 -1334 5562
6/3 2412 2297592 1515.781 6 -1297 6121
6/4 2142 1617023 1271.622 9 -735 5019
6/5 1344 630739.2 794.191 5 -698 3386
6/6 13692 3333792 1825.867 1 -9508 36892
6/7 12957 23809380 4879.486 3 -2572 28486
6/8 6958 4279512 2068.698 5 1640 12276
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Appendix G: Nutrient Data
Sample Name Date Area  Calculated conc.   Sample Name Area  calculated con
  µS*min    µS*min 
  NO3    PO4 
  ECD_1    ECD_1 
Blank  n.a.   Blank n.a. 
std1  0.0076 -0.008956797  std1 n.a. 
std2  0.0124 0.003688093  std2 n.a. 
std3  0.011 0  std3 0.0015 0.005353728
std4  0.0921 0.213645943  std4 0.0025 0.00917782
std5  0.0416 0.08061117  std5 0.0099 0.037476099
std6  0.0285 0.046101159  std6 0.015 0.056978967
std7  0.0562 0.119072708  std7 0.0255 0.097131931
std8  0.5357 1.382244468  std8 0.3145 1.202294455
s1 19-Apr 0.1531 0.374341412  s1 n.a. 
s2 23-Apr 0.1893 0.469704953  s2 n.a. 
s3 25-Apr 0.1513 0.369599579  s3 n.a. 
s4 26-Apr 0.1413 0.343256059  s4 n.a. 
s5 27-Apr 0.145 0.353003161  s5 n.a. 
s6 28-Apr 0.1246 0.299262381  s6 n.a. 
s7 30-Apr 0.1288 0.31032666  s7 n.a. 
s8 1-May 0.1164 0.277660695  s8 n.a. 
LXXXIX
s9 3-May 0.121 0.289778714  s9 n.a. 
s10 4-May 0.1225 0.293730242  s10 n.a. 
s11 5-May 0.1096 0.259747102  s11 n.a. 
s12 6-May 0.0762 0.171759747  s12 n.a. 
s13 7-May 0.0744 0.167017914  s13 0.0013 0.00458891
s14 8-May 0.0804 0.182824025  s14 n.a. 
s15 5/9/2016 0.0576 0.122760801  s15 n.a. 
s16 5/9/2016 0.0503 0.103530032  s16 0.0039 0.014531549
s17 10-May 0.0537 0.112486828  s17 0.002 0.007265774
s18 11-May 0.0403 0.077186512  s18 n.a. 
s19 12-May 0.0291 0.04768177  s19 n.a. 
s20 13-May 0.0159 0.012908325  s20 n.a. 
s21 14-May 0.0197 0.022918862  s21 0.0018 0.006500956
s22 15-May 0.0019 0  s22 n.a. 
s23 16-May 0.0032 0  s23 0.0025 0.00917782
s24 17-May 0.017 0.015806112  s24 n.a. 
s25 18-May 0.017 0.015806112  s25 0.0041 0.015296367
s26 19-May 0.0079 0  s26 0.0011 0.003824092
s27 20-May 0.0113 0.000790306  s27 0.0013 0.00458891
s28 21-May 0.0121 0.002897787  s28 0.0019 0.006883365
s29 22-May 0.0027 0  s29 n.a.
XC
s30 23-May 0.0169 0.015542677  s30 n.a. 
s31 24-May 0.011 0  s31 n.a. 
s32 25-May 0.0136 0.006849315  s32 0.0017 0.006118547
s33 26-May 0.0087 0  s33 0.0013 0.00458891
s34 27-May 0.0043 0  s34 0.0025 0.00917782
s35 28-May 0.0078 0  s35 n.a. 
s36 31-May 0.0115 0.001317176  s36 0.0012 0.004206501
s37 1-Jun 0.0122 0.003161222  s37 n.a. 
s38 2-Jun 0.021 0.026343519  s38 n.a. 
s39 4-Jun 0.0256 0.038461538  s39 0.0017 0.006118547
s40 5-Jun 0.0267 0.041359326  s40 0.0018 0.006500956
s41 6-Jun 0.023 0.031612223  s41 n.a. 
s42 8-Jun 0.0291 0.04768177  s42 n.a. 
s43 18-Jun 0.0189 0.02081138  s43 0.0019 0.006883365
s44 13-Dec 0.1011 0.237355111  s44 n.a. 
std1  0.0049 -0.016069547  std1 n.a. 
std2  0.0059 -0.013435195  std2 0.0013 0.00458891
std3  0.027 0.042149631  std3 0.0017 0.006118547
std4  0.0182 0.018967334  std4 0.0034 0.012619503
std5  0.0248 0.036354057  std5 0.0103 0.039005736
std6  0.0291 0.04768177  std6 0.0155 0.058891013
XCI
std7  0.0514 0.106427819  std7 0.0265 0.100956023
std8  0.5379 1.388040042  std8 0.3218 1.230210325
Blank  0.0077   Blank n.a. 
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Appendix H: Nitrate IRMS
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